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I. INTRODUCTION

SR

1. O0BJECTIVE

Modern projectile systems typically have fuze, submunition, or payload
components that are not rigidly fixed. For example, small caliber ammunition
often employ fuzes with safe and arming devices that utilize a spherical
rotor. This rotor can reduce the fast-mode precessional damping character-
istics of a projectile system.!™3 In another case, an artillery projectile
experienced high yaw levels and large spin decays.* Presently, improved
convention munitions (ICM) systems carry base-ejected submunitions and canis-
ters. These payloads must be assembled and keyed with the projectile body,
but small amplitude, internal motions are still possible.

R

Analytical 1investigations by Murphy5 6 have explained much of the

phenomena that was observed in References 1-4, and he has provided fundamental

) models that predict the magnitudes of the yaw and spin moments induced by

, loose internal parts. Experimental tests using a spin fixture were performed

\ by Bush to determine the despin moments produced by a loose ring on a circular

shaft.”7 The present report describes a series of tests where the motions of a

), loose internal part and the supporting gyroscope were measured. Phase and
: orbital data were used to compare theory and experiment.

2. BACKGROUND

3T s 8 s s AN

The model suggested by Murphy assumes that the motion of the projectile
has both slow and fast precessional modes. These two motions are decoupled
and treated in a quasi-linear fashion. For practical applications, only the
' fast precessional mode is destabilized (this has been verified with yawsonde-
. determined flight data). If the motion of the loose part is assumed, then the
response of the projectile system can be determined. Two types of motion for
the loose part were considered: (1) a forced precession about its own spin
axis at the fast frequency of the projectile, or (2) a circular motion of the
center of mass of the loose part at the fast frequency of the projectile.

If the loose part center-of-mass (cm) motion has a radius e and a phase
angle ¢€ with respect to the angle-of-attack plane and the precessional motion

aA-e,

& has a cone angle y and a phase angle ¢Y with respect to the angle-of-attack
‘ plane, then the relations for the fast precessional frequency (51), the fast
: precessional damping (,) , and the change in the spin moment (aM__. ) are
; given below: 5 1 spin

/

g Wb =1 -0/ @1 b - L] (1)
X

- (A = M) K = 3y S;/02 Iy By - Log) 2)

] .

s
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Meqn ™ - 4 Ky $y (3)
Lao = lap P * Tac P (4)
Sy = (I, Pe = I &1) y sin b, = M X &1 e sin ¢ (5)

€y = (Ie Pe - Iy $) v cos 0y = Mo X $ € cos 5, (6)

The model also assumes that the yawing motion of the projectile has an
amplitude that is larger than the orbital motion of the loose part, i.e.,

Ky > max (y, e/xc). It is important to note that the initial or starting

motion for the projectile or the loose part is not considered within this
model. Also, if the motion of the loose part is not at the precessional
frequency of the projectile, then a prediction of yaw or spin moments is not
possible. The amplitudes and phase angles of the two types of assumed motion
must be provided as finputs to the theory. If these are not known, then
nominal values must be chosen. Previously, maximum physical clearances or
tolerances were normally selected to determine the orbits, while phase angles
of 90-45 degrees were assumed.

3. INITIAL CONCEPTS FOR THE GYROSCOPE EXPERIMENT

For the purposes of this experiment, it is assumed that a freely gim-
balled gyroscope will produce angular motions that realistically simulate the
yawing motion of a projectile about its trajectory. The loose part is par-
tially restrained within the gyroscope and will be referred to as the PRIM
(partially restrained internal member). The motion of the PRIM within a
gyroscope may have many components, but logically it will attempt to move
independently as a gyroscope within a gyroscope or to respond as a forced
oscillator to the motion of the gyroscope. Assuming the PRIM is forced to
rotate at the spin frequency of the gyroscope, then the following types of

motion can exist:
a. Precessional motion based upon the PRIM inertial properties;
b. Circular motion of the PRIM cm at the spin frequency;

€. Precessional motion of the PRIM at the gyroscope precession frequency;

d. Circular motion of the PRIM cm at the gyroscope precession frequency.

[t is important to recall that the theoretical modelS only considers the
last two types of motions. This is reasonable, since only motions of the PRIM
at the precessional frequencies of the gyroscope {or a projectile) would
destabilize the precessional (or yawing) motion. PRIM motion at other fre-
quencies would require subharmonic or ultraharmonic responses.® During the

course of the gyroscope experiments, these four types of behavior were
observed.




..........

4. DESCRIPTION OF GYROSCOPE

A freely gimballed gyroscope was used as a test platform to conduct PRIM
experiments. Figure 1 shows a schematic of the PRIM/gyroscope (without sup-
& port base), important instrumentation locations, and a physical coordinate
s system. Flexural pivots were used within the gimbal system and were instru-

mented with strain gages. The yaw amplitude was calibrated as a function of
. the output voltage of a bridge circuit. The orbit of the PRIM was monitored
W by non-contact inductive sensors (commonly called displacement transducers)
that were mounted within the inner gimbal frame. The shaft and PRIM were
driven by a DC motor, which was mounted below the inner gimbal. The spin of

L
‘ the shaft and PRIM remained constant during a data trial. A tachometer system
b was available for speed control, but it was not used. Even under this open
9 loop condition, despin of the rotor/PRIM assembly was not observed during the
o data trials. The precessional frequency of the gyroscope was controlled
through the placement of non-spinning weights on a stem that was mounted to
. the top of the inner gimbal (not shown in Figure 1). The position of these
N weights determined the transverse moment of inertia of the gyroscope (It)'
. The fast precessional frequency of the qyroscope was controlled by selection
;ﬁ of Iy. The axial moment of inertia (Ia) was a constant since all of the
) various shafts were similar. The experiment was conceptually designed in a
. joint effort by Lawrence Livermore National Laboratories (LLNL), Livermore,
" California, Sandia National Laboratory (SNL), Albuquerque, New Mexico, and the
- Ballistic Research Laboratory (BRL), Aberdeen Proving Ground, Maryland. The
7 hardvare and instrumentation for the PRIM experiments were built and assembled
- by LLNL, while the tests were conducted by LLNL in cooperation with BRL. A
-~ large series of tests were performed; =10 however, this report will primarily
™ consider comparisons between round shaft experiments and theory. In the pres-
- ent experiments, the orbital motion and phase angle were measured directly.
e These, as well as other measured quantitites, were used as inputs to the
- theory to provide a comparison between experiment and theory. Figures 2 and 3
’;- show the actual gyroscope/PRIM experimental set-up at the BRL. All data were
, recorded in an analog form for post processing of data.
_f The damping of the flexural pivots within the gimbals and the location of
-7 the cm of the gyroscope produces a motion that is dominated by the fast pre-
o cessional mode (¢1/p is approximately I,/14). During the course of the
:? experiments some slow mode precession was observed, but this motion was
rapidly damped when the fast precessional mode became unstable. Hence, for
o simlicity, the terminology "fast precession" will be abbreviated to "pre-
N cession” or "yaw."
N I11. DATA REDUCTION TECHNIQUES
")
The length and character of the data records required the use of both
N analog and digital reduction procedures. Often, data were reduced by two
o independent techniques to provide additional confidence.
-,
:: l. YAW DATA
'
The output of the flexural pivot/strain gage system gave a continuous
N projection of the yaw in the X and Y planes. The data in the Y plane were not
:;
> 3
2
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reliable due to mechanical vibrations in the gimbals (probably excited by the
motion of the PRIM). Normally, the data in the X plane (data from sensor SX)
were reliable and were used. A series of data trials were conducted where the
PRIM was fixed to the shaft. These tare runs were taken at various combina-
tions of spin and precession frequencies to determine the natural yaw damping
(xt) and the yaw frequency ($1r) of the total gyroscope/PRIM assembly when all

the components were fixed. These tare data are required as inputs to Equa
tions (1) and (2).

Both the tare and PRIM yaw data were reduced to obtain a log decrement
type of growth rate. The yaw frequency was determined by the average number
of zero crossings over several seconds of data. The data have not been pro-
cessed to identify slow variations within the yaw frequency. In this form the
yaw growth rate has units of 1/s. The growth rate data will be tabulated in
this form, but could be scaled by either the precessional o- spin frequencies
to obtain a dimensionless form. A typical tare data run showing raw SX data,
high pass filtered SX data, and a tare damping reduction are shown in Figures
4, 5, and 6.

2. PRIM MOTION DATA

The orbit of the PRIM was continuously monitored by four displacement
transducers, DX1 and DX2 in the X-plane and DYl and DY2 in the Y-plane (as
shown in Figure 1). Sensors could also be mounted in the top support of the
inner gimbal, but these positions were not normally utilized. Data from the
displacement sensors were of very high quality and clearly indicated the
motion of the PRIM. Typical outputs from a displacement transducer will be
shown and discussed in following sections.

A primary objective of this PRIM experiment was to determine the phase
angle between the yawing motion of the gyroscope and the motion of the PRIM.
This phase angle was defined in Reference 5 in terms of the two tynes of
motion assumed in the model (phase angles for a precession of the PRIM (¢Y) or

for a cm motion of the PRIM (¢€)). Using these definitions, the natural phase

relationships of all of the data transducers can be determined for the special
case of precession (no cm motion) when ¢Y = 0. These inherent phase delays

must be used to correct the raw data and to properly identify ¢Y. A detailed
discussion of the natural phase angles is given in Appendix A.

ITI. GYROSCOPE TEST RESULTS
1. DESCRIPTION OF PRIM PARTS AND TEST CONDITIONS

A large test matrix was performed. A sectioned view of the inner gimbal,
PRIM, shaft, and transducers is shown in Figure 7. Shafts with round and
octagonal hubs were tested (the upper hubs of all shafts were round). Six
shafts were fabricated with the following radial clearances (stated in inches)
between the PRIM and the shaft hubs: round-0.005, 0.010, 0.015 and octagonal-
0.005, 0.010, and 0.020. (The 0.020 octagonal shaft was not tested.) LLNL
personnel conducted a few tests with Belville washers (essentially very stiff

-----
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E sgrings) on the upper hub of the shaft (see Figure 7). Also, LLNL tested
o shafts with a combined radial offset and radial clearance. This report only
by addresses the round shaft tests and the 0.005 octagonal shaft test. A
i counterweight was used on the gyroscope and was located at three positions,
. nominally called top (T), middle (M), and bottom (B). Spin frequencies were
[ typically in the 85 to 60 Hz range. The physical characteristics of the

gyroscope/PRIM parts were measured at the BRL Transonic Range and are given in
a Table 1. The overall length of the PRIM is 5 inches, and the center of mass
1 of the PRIM was essentially at the geometric center. Note that the PRIM is
u almost an {nertial sphere, i.e., IppiM/ItpriM = 0.850. The differences
Y between I, and Iy were assumed to be small and the gyroscope was assumed to
\ have a single transverse moment of inertia (It=(Ix+Iy)/2) for a particular
O counterweight position. Tare data were taken to determine the natural damping
h! characteristics of the system and are discussed in Appendix 8.
;; TABLE 1. Physical Characteristics for the Gyroscope/PRIM Test.
¥
¢
i)
K Transverse Moments of Inertia of Fixed Parts - I, (kgecm?)
k. Counterweight Iy Iy
b Position

TOP 1,935 1,879
: MIDOLE 1,777 1,717
& BOTTOM 1,613 1,559
o
)
b Axial Moment of Inertial of Fixed Parts: 1, = 0.737 kg-cm?
, (Motor Armature & Typical Shaft)
W Transverse Moment of Inertia of the PRIM: TIyppy = 87.1 kgecm?
"
Axial Moment of Inertial of the PRIM: I,pgrM = 74.0 kgecm?

[}
P
14
N The ratio of the rigid body (or tare) coning and spin frequencies

($1r/p) should be approximately equal to I,/Iy for a small gravity moment.
: For the counterweight located at the middle position, Ia/It = 0.0429. Measured
) values of $1r and p (for p > 70 Hz) yielded an average value for 51r/p of
y 0.0435. Hence, the gyroscope/fixed-PRIM model is essentially independent of
gravity effects.
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. 2. ROUND SHAFT PHASE DATA

Appendix C provides a listing of the experiment run names and detailed
descriptions of the experimental set-up and conditions, 1i.e., shaft radial
X clearances, spin rates, coning frequencies, etc. Figures and written dis-
" cussions within the report will normally reference the experiment number.
Appendix C should be used as a cross reference to establish all pertinent run
conditions.

The round shaft data showed three distinct types of behavior. Only one
of these types of motion is reasonably approximated by the theory. When the
gyroscope was released at zero yaw with no disturbance, the motion of the PRIM
was a combination of both a precessional motion controlled by its own ratio of

N moments of inertia and a center of mass (cm) motion at the spin rate. Very
1ittle of the total motion was at the gyroscope yaw frequency. Under these
conditions, the dominant PRIM motion is that of a free gyroscope. The fast
precessional frequency of the PRIM ($1PRIM/°) is approximately equal to

IapRiM/1tpRIM- It would not be anticipated that this initial PRIM motion

< would provide a destabilizing torque to the gyroscope since very 1ittle of the
motion is at the gyroscope yaw frequency. However, in many instances, the
gyroscope yaw did grow. At intermediate yaw levels, the response of the PRIM
= was essentially random and aperiodic. A transition between a free oscillator
and a forced oscillator was in progress. When the yaw of the gyroscope was
well established, the PRIM motion was then dominated by a precessional motion
at the gyroscope coning frequency. During this final stage of behavior, a
component of the motion at the spin frequency was still present. For compari-
sons between data and experiment, it will be necessary to separate the
individual components by frequency. Only the motion component (phase and
amplitude) at the gyroscope yaw frequency should be compared to the theory.

\ e

Lag o e =4

Figures 8a, 8b, and 8 show some of the important features of typical
) displacement transducer data. Figure 8a shows DY2 versus time. Note that the
peak-to-peak (PTP) amplitude slightly exceeds 0.010 inch. This corresponds to
the diametrical clearance (twice the radial clearance of 0.005 in) plus a
response due to the flats that were machined on the PRIM end caps. These data
were Tow pass filtered (10 Hz cut frequency) and are shown in Fiqure 8b. Note
that the amplitude of the motion is quite small (PTP magnitude of 0.0003
in). The data in Figure 8c are at a larger yaw amplitude (longer time) for
the same data trial. The data in Figure 8c are typical of the final stage of
motion. Raw (dashed 11ne) and low passed (solid line) data are superimposed
to demonstrate that the digital filtering that was utilized did not introduce
phase delay.

| dhen examining the data in Figure 8c, it is important to note that the
amplitude of the PRIM motion at the yaw fregquency was only 65% of the PTP
motion. This is the only frequency component considered in the theory and
previously the amplitude of this component was simply equated to the total
radial clearance. This is clearly not the case, and all round shaft data
indicated that roughly 75% of the total PRIM motion was at the yaw frequency
(a similar trend was demonstrated for the octagonal shafts).




N When the PRIM motion had a frequency and form that was representative of
‘ the assumptions of the theory, a phase angle was determined. It is necessary
to determine from the displacement data whether a precession or a cm motion of
the PRIM 1s present. If a cm motion exists (at a frequency of 61), then the

displacement data from DX1 and DX2 (or DYl and DY2) would be in phase and
would not follow the conventions established in Appendix A. Figures 8c and 8d
' show data for DYl and DY2 (raw and low pass filtered). These data are out of
?-: phase by 180 degrees and indicate that the motion of the PRIM at tnis time is
e _ precessional. The measured ¢Y values were typically between 150 and 170

. degrees. Figures 9a and 9b show the variation of phase angle versus yaw
b amplitude for several of the round shaft experiments. MNote that the theory
- does not account for variable phase angles or changes in the PRIM radial
orbit. These quantities are assumed to be steady.

rii el

3. OCTAGON SHAFT PHASE DATA

The character of the octagon shaft data was dramatically different from
the round shaft data. The motion of the PRIM was not centered about the PRIM
cm. This can be easily observed from the raw analog data at DX1 and DX2.
Figure 10a, taken at an early time (small yaw amplitude), shows a slightly
periodic motion for both transducers. Clearly, the data are only vaguely
similar in form, while they are drastically different in amplitude (PTP
amplitude for DX1 is 1.5 volts, while PTP amplitude for DX2 is 0.5 volts).
Figure 10b shows the same sensors at a later time (larger amplitude). The
outputs are not similar at all in efther character or amplitude. The top of
the PRIM, which has a round hub, has a precessional motion. However, the
bottom of the PRIM, which has the octagonal hub, primarily has a c¢cm motion at
the spin frequency. It could be assumed that the octagon hub acted like a
R hinge point and that the precessional motion of the PRIM is centered about the
N lower hub. This would reduce the cant angle, ¢Y, by a factor of two since the

cm of the PRIM is at its geometric center. The orbital motion should be
determined using data from three displacement transducers. However, using the
same methods as in the round shaft experiments, data from DX1 or DYl will be

vt sht,

§

P b of of B0 5

e used to determine orbit and phase data. The phase angles for the 0.005 in
N octagonal shaft were always less than 90 degrees and usually below 30
" degrees. This was determined by using data from DX1, since DX2 had Tittle or
. no precessional motion. Figure 11 shows the phase angle, ¢ , versus the yaw
e amplitude for the octagon shaft. Y

. IV. COMPARISONS BETWEEN EXPERIMENT AND THEOQRY

7 A realistic validation of the theory can be conducted by using the

experimentally determined values of yaw growth rate, phase angle, and cant
angle. Such comparisons have not been previously made and will be explained
here. Equations (1) and (2) are restricted to a precessional motion of the

AN

o\ PRIM. Appendix C contains a listing of all experimental parameters that were
directly measured or derived from the raw data. These data were used to

evaluate the theory.
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4 Within Equation (2), the yaw growth rate and tare damping are combined
p into a single quantity and identified as the experimental yaw growth rate.
¢ The other remaining term within Equation (2) is essentially the theoretical
estimation of yaw growth rate (although it does require experimentally deter-
K mined values of phase angle and cant angle) and is labeled the theoretical yaw
5 growth rate. The experimental yaw growth rate can be nondimensionalized by
¢ the coning frequency. The dimensionless growth rates will be identified as
]

)

)

Sexp and Stheory’ The quantity zweexp (or z'etheory) is approximately the
fractional change in K; (the yaw amplitude) for each cycle of the yaw
! frequency, &1. The 1loose part also affects the yaw frequency of the

. gyroscope/PRIM system. The change in the yaw frequency is presented as a
B ratio of the gyroscope/PRIM frequency to the tare coning frequency, which is
;} considered to be the rigid body coning frequency. As was the case with the
‘ yaw growth rate, the terms in Equation (1) are separated into experimental and
e ghegretica] values and presented as a ratio of the coning frequencies,
)

' W/ %y,
]
y Comparisons of experiment and theory are provided in Appendices E-1 and
) E-II. Comparisons were made at discrete times during a data run. Often the
?; motfon of the PRIM was not that which was assumed within the theory (under

these circumstances asterisks are shown in the time column within Appendix E)
but comparisons between data and theory are provided for reference. Compari-
sons for yaw growth rate (labeled growth rate and given in €exp and €theory

)
)
L formats) between experiment and theory are plotted in Figures l2a-c. The
- theoretical and experimental values for yaw growth rate were plotted as open
and closed symbols, respectively. At early times, comparisons should be poor
since the assumptions of the theory are not met by the experiment. Any
agreement at these times should be considered as fortuitous. Also,
' comparisons with the octagonal were made simply to indicate if large
differences would occur.

Primarily, comparisons will be made between experiment and theory for yaw
growth rates. These comparisons are critically dependent upon the measure-
ment of the phase angle. The coordinate system established within Reference §
was centered upon the missile symmetry axis, while the coordinate system of
the PRIM experiments was centered about the vertical (or for the flight case,
the trajectory). However, in both theory and experiment, the relative angle
between the angle of attack plane and the cant plane of the loose part is the
same. Orientation of the transducers indicated that a phase angle of nearly
180 degrees would orient the PRIM away from the vertical (or the trajectory)
and this is consistent with the definition established within Reference 5.
Further comparisons to validate the phase measurements can be made by examin-
ing the frequency behavior of the round and octagonal shaft experiments.
Graphical representations of the frequency ratio comparisons are not made
since frequency resolution was substantially reduced when zero crossing
algorithms and long time averages were used. The comparisons for the fre
quency data are listed in Appendices E-I and E-1I, however. iormally, the
observed $1/$1r ratio was greater than unity for the round shafts and less

than unity for the octagonal shafts. This reflects the phase angle behavior
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J
o,
3: for the round shafts (cos ¢ < 0) and for the octagonal shafts (cos ¢ > 0),
]
:5 as findicated by Equations (1) and (6). Hence, a qualitative comparison
J' between theoretical and experimental 61/61r values was consistent.
:ﬁ Figures 12a-c show comparisons between 0.005 inch round shaft data and
gp . theory. In Figure 12a, theory and experiment are consistent except for the
aﬁ highest yaw level of Run 4P2A. Appendix D-I shows that at that time, the
:9- orbit of the PRIM reduced abruptly, thus, potentially leading to the poor
. ) comparison. Figure 12b indicates differences between experiment and theory of
. roughly 20%, while Figure 12c¢ approaches 50%. Again, in these cases (Runs 6P1
iy and 6P2), Appendix D-I indicates that the orbit of the PRIM was still growing.
O Figures 12d-e give comparisons between 0.010 inch round shaft data and
Eb theory. Comparisons are consistent for Run 8P2A2, but they are poor for Run
8P1A2. However, the comparisons on Figure 12e differed only by a few percent.
'h
. Figures 12f and 129 show comparisons between round shaft theory and 0.005
o octagon shaft data. Differences of 30-40% are exhibited for larger angles,
k\ but in these cases the round shaft theory gave conservative estimates and
4 perhaps could be used as a design guide.
.l
'ﬁ' Only a single 0.015 inch round shaft was reduced for comparison between
“H experiment and theory. 1In this single case, run 10P32, the motion of the PRIM
e was not modeled well by the theory until very late in the test. At this point
N the yaw dramatically grew and, as before, the last yaw level yielded a con-
=:§ sistent comparison between theory and experiment (4%).
o
>
- V. CONCLUSIONS
o
:ﬂ A series of gyroscope experiments were conducted to study the destabi-
R 1izing effects of a loose internal part. Non-contact displacement transducers
1' were used to determine the orbital amplitude of the loose part and the phase
;; difference between its motion and that «f the gyroscope. Comparisons between
- the experimentally determined gyroscope yaw growth rates and thecretically
W] predicted yaw growth rates were made. When the assumptions of this steady
e state theory were closely approximated, the comparisons were consistent.
ij Often, however, the motion of the loose part was not steady and then the
o assumptions of the theory were restrictive. Phase angle and orbit measurement
.:; indicated that maximum and/or nominal values for these quantities should not
be used as inputs to the theory. The effective, steady state phase angles
X were either close to 10° or 170°, while the component of the orbital motion at
) the gyroscope yaw frequency was typically less than 75% of the maximum availa-
.;\ ble mechanical ¢learance.
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LIST OF SYMBOLS

K1 fast precessional amplitude
v Iab- lac axial (spin) moments of inertia of the gyroscope body and
A component, respectively
5
4 Leps e pitch moments of inertia of the gyroscope body and

component, respectively

Ia = Iap + Iac
It = Igp + Igc v+ my xpZ + Me xc?
My, Mo masses of the body and component, respectively
- Xhs X¢ axial distances between the qyroscope cm and the body ¢m or
N the component cm
N
b P, Pc gyroscope spin, component spin
;\ Y1 angle for precessional motion of PRIM
1%
(LN
o € radius for cm motion of PRIM
y; eexp, etheory yaw growth rates for experiment or theory
e
T
j g (1 - 1/sg)1/2, where Sq is the gyroscopic stability factor
o
g $1r fast precessional frequency for a rigid
o 1
v gyroscope = ZT"[I +alp
¥ t
: ‘52?, slow precessional frequency for a rigid
]
! [
; a
: gyroscope = y— (1 - o] p
: t
»
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LIST OF SYMBOLS (continued)
e phase angle for cm motion of PRIM
by phase angle for precessional motion of PRIM
A A yaw damping, tare damping
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: APPENDIX A. DETERMINATION OF PHASE ANGLES

A primary objective of this PRIM experiment was to determine the phase
angle between the yawing motion of the gyroscope and the motion of the PRIM.
This phase angle was defined in Reference 5 in terms of the two types of
motion assumed in the model (phase angles for a precession of the PRIM (¢Y) or

for a cm motion of the PRIM (¢e)). Using these definitions, the natural

X phase relationships of all of the data transducers must be established for the
simple case of in-phase motion of the PRIM and the gyroscope. Figures Ala and
Alb show data from SX and SY and indicate that SX leads SY by 90 degrees.
y This convention is used to determine the phase difference between the yaw and
- PRIM motions. For ¢Y = 0, Figures A2a and A2b show the position of the PRIM

and the inner gimbal with respect to the sensors located in the X-plane.

Figure A2a depicts the position of the inner gimbal and the PRIM when the

plane of the PRIM motion is aligned with the X-plane. For Figures A2a and A2b
q the output of SX is zero. In Figure A2a the output of DX1 is a minimum, while
: DX2 is a maximum. In Figure A2b the output of DX1 becomes a maximum, while
DX2 is now a minimum. Therefore, for precession of the PRIM at the coning
frequency of the gyroscope, DX1 and DX2 are out of phase by 180 degrees. (If
X the PRIM were in a cm motion, either at the spin rate or the coning frequency
' of the gyroscope, then DX1 and DX2 would be in phase.) Similar relations can
L~ be established for the Y-plane transducers. A complete phase diagram for all
b transducers is shown in Figure A3 when ¢Y = 0. Some of the transducers are

b in-phase (SX to DY2 and SY to DX1), but typically the raw data must be cor-
2 rected for any natural phase orientations in order to properly determine ¢Y.

1.  TRANSFER FUNCTION METHODOLOGY TO DETERMINE PHASE

The phase angle between the plane of the PRIM motion and the yaw plane
must be determined in a convenient and reliable fashion. Data from three
displacement transducers can be used to completely define the motion of the
PRIM. However, this requires that the data be pre-processed or filtered to
remove components of the motion not at the yaw frequency of the gyroscope. If

% the motion of the PRIM is well behaved, i.e., the motion is similar at all
. four displacement transducers, then the data from only one displacement
Y transducer and a flexural pivot could be used to determine ¢Y. This can be

accomplished by using a transfer function phase measurement between SX and
DX1, for example. This phase measurement when corrected by the relationships
in Figure A3 would then yield ¢Y. The transfer function could be obtained by

analog or digital methods. It was convenient to use a Hewlett-Packard 3582A
spectrum analyzer (SA} for phase measurements. The SA provides the phase
¥ across the entire bandeidth, which was typically selected as 100-0 Hz (since
' the spin was less 100 Hz). This type of measurement requires a sampling time
' of 5.0 seconds to determine the phase and perform anti-aliasing functions. The
A accuracy of the phase angles obtained with the SA is 5 degrees. It is possi-
ble to fncrease the length of the time record to compute an "averaged phase"
for that given sampliing period. It is highly probable that the gyroscope/PRIM
. parts produce a yaw growth rate that is based upon an average rather than
. instantaneous phase angle. Hence, this scheme for the determination of phase
is quite realistic. At times, the frequency versus phase plots were quite
random in appearance. Under these cases, an "instantaneous phase" measurement
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was made by digitizing and plotting both the yaw and displacement data and
measuring the time delay between the wave forms to obtain the phase. Compari-
sons of the phase using these two measurement techniques were consistent.

The SA can also be operated in an RMS averaging mode. In this mode, a
cross-power spectrum is computed to statistically increase the confidence

level of the transfer function measuremem:.‘s"1 This averaging process does
not impact the measurement accuracy of the SA, however. A short explanation
of the properties of the coherence function follows. The coherence function
is a dimensionless, frequency-domain function whose range is from 0 to +1.
For a particular frequency, the value of the coherence function represents the
fraction of the output power to the input power (for our case a flexural pivot
was the input, while a displacement transducer was the output).

The coherence function behaves as a cross-correlation function in the
frequency domain. Hence, for a selected number of averages and for a coher-
ence function of unity (or nearly unity), the phase measurement at that
frequency is highly reliable. For a typical data trial when the yaw was less
than one degree, the motion of the PRIM and the gyroscope yaw were not highly
coherent, i.e., the coherence function was not unity at any frequency. At
later times in a data run, the coherence function was unity only at the gyro-
scope coning frequency. Such a measurement indicates that the PRIM and the
gyroscope had similar motions for that time frame but were simply out of
phase.

A sequence of plots will now be shown for the raw analog signals (SX and
DX1). Fourier spectra of these signals, phase transfer functions, and coher-
ence functions are also included. Figure Ada shows raw {unfiltered) analog
data for SX and DX1 for a round shaft experiment. Frequency spectra for DX1
and SX are shown in Figures Ad4b and Adc, respectively. Note that the Fourier
ampiitudes (the voltages) of the signals at 3.2 Hz (approximately equal to
the coning frequency) are approximately the same for SX and DX1. Due to the
large dynamic range of the SA, even these low amplitude signals can be proper-
ly analyzed for phase, as shown in Figure Add. Since the phase measurement
across the entire bandwidth (100 - 0 Hz) appears to be random, the coherence
function can be used to provide confidence in the measurement process. The
coherence function, shown in Figure Ade, has a value of 0.98 (labeled as 0.98
cf) for a frequency of 3.2 Hz. Similar plots are shown in Figures ASa-e for
the same data trial but at larger amplitudes of yaw and longer times (approxi-
mately 20 seconds later). Raw analog data are shown in Figure A5a, while the
associated spectra are shown in Figures ASb and AS5c. The phase measurement
and coherence function are shown in Figures A5d and ASe, where it is noted
that the phase angle and coherence function at 3.2 Hz have changed only
slightly. However, from the analog data shown in Figures Ada and A5a, one
would expect the coherence function to be radically different; but it is
not. This is an indication of the utility of the transfer function method and
the resolution of the SA. Similar data sets are provided for an octagonal
shaft at small and large amlitudes (Figures Ma-e and Figures Ala-e,
respectively). The character of the PRIM motion at small (Figure A6a) or
large (Figure A7a) amplitudes of yaw is quite different. This is reflected by
the coherence functions at 4.0 Hz (0.86 cf in Figure Ade versus 1.00 cf in
Fiqure A5e).
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2. DIGITIZATION AND DIGITAL FILTERING

The raw analog data were digitized at a sampling rate of 1.66 kHz using a
YAX 11/780 system (analog filtering was not used since phase delays would be
introduced). This sampling rate is sufficiently fast to properly resolve the
highest frequency component of the data, which is the spin rate (maximum spin
rate = 100 Hz). This sampling rate is not sufficiently high to accurately
reproduce the signals produced by the flats that were machined on the end caps
of the PRIM. These flats will produce sharp spikes in the output of the
displacement transducers and have a frequency content of at least 2 KHz. In
many instances, these spikes would need to be removed (by filtering) so as not
to contaminate the displacement data. Since the spikes produced by the flats
were not required for data reduction or interpretation, a slower sampling rate
was used.

Raw SX and SY data often exhibited an unacceptable amount of noise. The
source of this noise was attributed to the mechanical vibrations induced by
the PRIM. A zero-delay (no phase delay) digital filter was used to process
the digitized data files. The SX and SY data required repeated filtering
since simple peak-to-peak and zero-crossing techniques were used to determine
coning frequency and yaw growth rate. Also, digital filtering was used to
separate the total PRIM motion into frequency components. This was very
useful in understanding the many types of possible motion.
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Figure A2a. Sensor outputs: SX = 0, DXl = minimum, DX2 = maximum.
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Figure AZb. Sensor outputs: SX = 0, DX1 = maximum, DX2 = minimum.
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APPENDIX B. TARE DATA

Typical tare amplitude/time histories (unfiltered and filtered) are shown
in Figures 4 and 5. A determination of tare damping is shown in Figure Bl.
The tare data were usable only at Tow spin rates. For spin frequencies above
75 Hz, mechanical vibrations occurred, and the tare damping values were not
used. (The PRIM which had been temporarily shimmed and glued to a round shaft
had become loose at these higher spin rates.) Trends from lower spin rate
data were extrapolated for higher spin rates (Figures B1l, B2, and B83). The
ratio of the rigid body (or tare) coning and spin frequencies ($lr/p) should

be approximately equal to I,/I, for a small gravity moment. For the counter-
weight Tlocated at the middle position, 1,/Iy = 0.0429. Measured values
of $1r and p (for p > 70 Hz) yfelded an average value for $1r/p of 0.0435.
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éa APPENDIX C. DESCRIPTION OF EXPERIMENTS
u"
! Run Name Shaft/Weight Clearance Spin Rate Coning Rate Yaw Record
" (cm/in) (Hz) (Hz) Stable/Unstable
f 4P0 Round/M 0.0127/0.005 71.5 3.31 Unstable
" 4P0A Round/M 0.0127/0.005 71.5 3.40 Unstable
43, 4P1 Round/M 0.0127/0.005 62.0 2.79 Stable
» 4p2 Round/M 0.0127/0.005 86.0 3.82 Unstable
4P2A Round/M 0.0127/0.005 86.0 3.87 Unstable
: 5P0 Round/8 0.0127/0.005 62.0 3.67 Stable
N 5P1 Round/B 0.0127/0.005 75.0 NA Unstable
1) 5P1A Round/B 0.0127/0.005 75.0 3.58 Unstable
3; 5pP2 Round/B 0.0127/0.005 85.0 4.03 Unstable
W 5P2A Round/8 0.0127/0.005 86.0 3.96 Unstable
6P0 Round/T 0.0127/0.005 62.0 2.50 Stable
& 6P0A Round/T 0.0127/0.005 62.0 2.50 Stable
iy 6P1 Reound/T 0.0127/0.005 75.0 3.15 Unstable
e 6P1A Round/T 0.0127/0.005 75.0 NA Unstable
> 6P2 Round/T 0.0127/0.005 85.0 3.45 Unstable
b‘ 6P2A Round/T 0.0127/0.005 85.0 3.29 Unstable
* 7P0 Round/T 0.0254/0,010 62.0 2.86 Stable
- 7P0A Round/T 0.0254/0.010 62.0 2.71 Stable
9 7P1 Round/T 0.0254/0.010 50.0 2.03 Stable
" 7P1A Round/T 0.0254/0.010 50.0 2.00 Stable
- 7P2A Round/T 0.0254/0.010 70.0 2.80 Unstable
0 7P28 Round/T 0.0254/0.010 70.0 2.84 Unstable
- 8P0 Round/B 0.0254/0.010 50.0 2.43 Stable
B 8POA Round/B 0.0254/0.010 50.0 2.45 Stable
8P1 Round/8B 0.0254/0.010 62.0 NA Unstable
,S 8P1A Round/8 0.0254/0.010 62.0 3.14 Unstable
e 8P2 Round/B 0.0254/0.010 70.0 3.33 Unstable
4 8P2A Round/B  0.0254/0.010  70.0 3,55 Unstable
, 9P0 Round/M 0.0254/0.010 50.0 2.20 Stable
" 9POA Round/M 0.0254/0.010 50.0 2.24 Stable
$ 9P1 Round/M 0.0254/0,010 62.0 2.89 Unstable
> 9P1A Round/M 0.0254/0.010 62.0 2.67 Unstable
’ 9pP2 Round/M 0.0254/0.010 70.0 3.08 Unstable
2 9P2A Round/M 0.0254/0.010 70.0 3.02 Unstable
=) 9P3 Round/M 0.0254/0.010 80.0 4,65 Unstable
10P0 Round/M 0.0381/0.015 40.0 1.79 Stable
p 10P0A Round/M 0.0381/0.015 40.0 1.80 Stable
3 10P1 Round/M 0.0381/0.015 50.0 NA Unstable
>y 10P1A Round/M 0.0381/0.015 50.0 2.39 Unstable
; 10pP2 Round/M 0.0381/0,015 60.0 NA Stable
) 10P3 Round/M 0.0381/0.015 65.0 2.87 Unstable
A 10P3A Round/M 0.0381/0.015 65.0 2.96 Unstable
; 11P0 Round/B 0.0331/0.015 40.0 NA Stable
}' 11P0OA Round/B 0.0381/0.015 40.0 2.02 Stable
Q 1171 Round/B 0.0381/0.015 50.0 2.53 Unstable
m 11P1A Round/B 0.0381/0.015 50.0 2.62 Unstable
A 11P2 Round/B 0.0331/0.015 65.0 NA Unstable
"
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Run Name

12P0
12P0A
12P1
12pP2
13P0
13P0A
13pP1
13P1A
13pP2
13P2A
14P0
14P0A
14P1
14P1A
14P2
14P2A
15P0
15P0A
15p1
15P1A
15P2
15P2A

RN

Shaft/Weight

Round/T
Round/T
Round/T
Round/T
Octagon/B
Octagon/B
Octagon/B
Octagon/B
Octagon/B
Octagon/B
Octagon/M
Octagon/M
Octagon/M
Octagon/M
Octagon/M
Octagon/M
Octagon/T
Octagon/T
Octagon/T
Octagon/T
Octagon/T
Octagon/T

Clearance
(cm/in)

0.0381/0.015
0.0381/0.015
0.0381/0.015
0.0381/0.015
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005
0.0127/0.005

Spin Rate
(Hz)

40.0
40.0
50.0
65.0
62.0
62.0
75.0
75.0
85.0
85.0
62.0
62.0
75.0
75.0
85.0
85.0
85.0
85.0
75.0
75.0
85.0
85.0

73

Coning Rate
(Hz)

NA
1.65
NA
NA
3.00
NA
3.58
NA
NA
4.38
2.72
2.59
NA
NA
3.81
NA
2.69
NA
NA
NA
3.38
3.27

Yaw Record

Stable/Unstable

Stable
Stable
NA
NA
Stable
Stable
Unstable
Unstable
Unstable
Unstable
Stable
Stable
NA
NA
Unstable
Unstable
Stable
Stable
NA
NA
Unstable
Unstable
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ROUND SHAFT RAW DATA

75



. APPENDIX D-I. ROUND SHAFT RAW DATA

¢ 4P0_Round/.005/M/71.5

4 Time Yaw ¢y Orbit Spin Coning Wt Growth Rates (1/s) Tare Con

i (sec) (deg) (deg) (mm) (in) (Hz) (Hz) Pos exp tare (H2)
23 .47 168 .0635 .0025 71.5 3.312 M ,.0870 «.0532 3.039

% . 34 1.30 167 .0254 .0010 71.5 3.312 M .1292 -.0532 3.039
42 3.05 164 .0635 .0025 71.5 3.312 M ,0333 -.0405 3.039
54 5.10 168 .0889 .0035 71.5 3.312 M .0109 -.0405 3.039
60 5.25 169 .0889 .0035 71.5 3.312 M .0109 -.0405 3.039

4P2A Round/.005/M/86.0

Time Yaw ¢Y Orbit Spin Coning Wt Growth Rates (1/s) Tare Con
k (sec) (deg) (deg) (mm) (in) (Hz) (Hz) Pos exp tare (Hz)
10 .25 133 .0762 .0030 86,0 3.868 M ,2549 -.0096 3.671
W 18 1.50 156 .0381 .0015 86.0 3.88 M ,1658 -.0096 3.671
N 22 2.75 156 .0508 .0020 86.0 3.868 M .0680 -.0096 3.671
. 26 3.75 168 .0762 .0030 86.0 3.868 M ,0680 -.0096 3.671
1 29 4,50 178 .0711 .0028 86,0 3.868 M .0680 -.0096 3.671

5P1A Round/.005/B/75.0

K Time Yaw by Orbit Spin Coning Wt Growth Rates (1/s) Tare Con
(sec) (deg) (deg) (mm) (in) (Hz) (Hz) Pos exp tare (Hz)
11 .225 175 ,0051 .0002 75.0 3.578 B .1383 -.0096 3.585
14 .365 184 .0076 .0003 75.0 3.578 B. .1383 -.0096 3.585

y 22 .550 148 .0102 .0004 75.0 3.578 B .2078 ~-.0096 3.585

! 30 2.850 163 .0610 .0024 75.0 3,578 B .l120 -,0096 3.585
39 4.600 173 ,0940 .0037 75.0 3,578 B .0221 ~.0096 3.585

5P2 Round/.005/8/85.0

Time Yaw by Orbit Spin Coning Wt Growth Rates (1/s) Tare Con
(sec) (deg) (deg) (mm) (in) (Hz) (Hz) Pos exp tare (Hz)
K 13 1.50 150 .0457 .0018 85.0 4.033 B .1960 -.0096 4,053
N 17 2.30 155 ,0559 .0022 85.0 4,033 B ,0833 -.0096 4,058
' 25 4,15 172 .0813 .0032 85.0 4.033 B .0306 ~.0096 4.058
! 29 4,90 171 .0864 .0034 85.0 4,033 B .0306 -.0096 4,058
b
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6P1 Round/.005/T/75.0

' Time Yaw by Orbit Spin Coning Wt Growth Rates (1/s) Tare Con
X (sec) (deg) (deg) (mm) (in) (Hz) (Hz) Pos exp tare (Hz)
{; 5 0.26 150 .0025 .0001 75.0 3.145 T ,1163 -.0514 2.976
\; 17 1.00 180 .0559 .0022 75.0 3.145 T ,1163 -.0514 2.976
W 34 1.75 159 ,0406 .0016 75.0 3.145 T ,0743 -.0514 2.976
L. 45 4,50 168 .0762 .0030 75.0 3.145 T .0311 -.0514 2.976
.2 6P2 Round/.005/T7/85.0
S Time Yaw by Orbit Spin Coning Wt Growth Rates (1/s) Tare Con
b (sec) (deg) (deg) (mm) (in) (Hz) (Hz) Pos exp tare (Hz)
o 15 0.45 170 .0076 .0003 85.0 3.454 T .2392 -.0469 3.378
s 19 1.15 138 .0305 .0012 85.0 3.454 T .1259 -.0469 3.378
" 27 2.75 153 .0584 ,0023 85.0 3.454 T .0526 -.0469 3.378
30 3.50 168 .0660 .0026 85.0 3.454 T .0526 -.0469 3.378

8P1A2 Round/.010/B/62.0

X Time Yaw ¢y Orbit Spin Coning Wt Growth Rates (1/s) Tare Con
(sec) (deg) (deg) (mm) (in) (Hz) (Hz) Pos exp tare (Hz)
10 2.90 161 .0635 ,0025 62.0 3.141 B .1216 -.0153 3.002

- 16 4,60 177 .0965 .0038 62.0 3.141 B .0707 -.0153 3.002

N 20 5.70 167 .1473 .0058 62.0 3.141 B .0183 -.0153 3.002

- 28 6.70 168 .1702 .0067 62.0 3,141 B ,0183 -.0153 3.002

A 8P2A2 Round/.010/8/70.0
Time Yaw by Orbit Spin Coning Wt Growth Rates (1/s) Tare Con

Y (sec) (deg) (deg) (mm) (in) (Hz) (Hz) Pos exp tare (Hz)

]

5 0.15 92 .0102 .0004 70.0 3.551 B .0463 -.0096 3.373

45 0.95 134 .0254 .0010 70.0 3,551 B ,0678 -.0096 3.373
51 2.40 132 .0635 .002% 70.0 3,551 B ,2573 -.0096 3.373
60 5.70 167 .1626 .0064 70.0 3,551 B ,0886 -.0096 3.373

9P12 Round/.010/M/62.0

Time Yaw b Orbit Spin Coning Wt Growth Rates (l/s) Tare Con
s (sec) (deg) (deg) (mm) (in) (Hz) (Hz) Pos exp tare (Hz)
f 5 2.00 149 ,0457 ,0018 62.0 2.386 M 1177 -.0618 2.756
) 15 4,75 155 .1067 .0042 62.0 2.886 M ,0449 -.0613 2.756
) 21 5.20 165 .1295 .0051 62.0 2.886 M .0289 -.0618 2.756
¥ 28 6.50 163 .1549 ,0061 62.0 2.386 M .0289 -.06183 2.756

LA

RN NN N N R A T R O R s v U R A Y F AT ST,
o W §% 30 Wy T WY, DA SR L A D O I 41 X . e, d -




e 2,

-
- -
«

a s A

Pt O,

SO

! g

-
'K

Losall SIMES

A

LIl

" ™
LEw

)
N
‘.

=

Time

‘(sec)

15
30
44
46

Time
(sec)

10
20

25
30

Time
(sec)

18
25

28
32

Yaw ¢Y Orbit

(deg) (deg) (mm) (in)
2.15 116 .0127 .0005
2.00 145 ,0025 .0001
6.50 162 .1803 .0071
6.60 168 .1702 .0067
Yaw ¢Y Orbit

(deg) (deg) (mm) (in)
0.45 145 ,0203 .0008
4,50 166 .1981 .0078
5.10 170 .1956 .0077
6.20 169 .1981 .0078
Yaw ¢Y Orbit

(deg) (deg) (mm)  (in)
0.40 106 .0203 .0008
0.80 113 .0635 .0025
1.25 126 .0559 .0022
1.60 145 .0381 .0015

.-y -

9P22 Round/.010/M/70.0

Spin
(Hz)

70.0
70.0
70.0
70.0

Coning Wt Growth Rates (1/s)

(Hz)

3.075
3.075
3.075
3.075

Pos

XXX

exp

1125
.1125
.0259
.0259

9P32 Round/.010/M/80.0

Spin
(Hz)

80.0
80.0
80.0
80.0

Coning Wt

(Hz)

4.652
4.652
4.652
4.652

Pos

M
M
M
M

tare

--0532
e 0532
-.0532
-.0532

Growth Rates (1/s)

exp

.1484
.0278
.0278
.0278

10P32 Round/.015/M/65.0

Spin
(Hz)

65.0
65.0

65.0
65.0

tare

-00524
-.0524
-.0524
-.0524

Coning Wt Growth Rates (1/s)

(Hz)

2.865
2.865

2.865
2.865

79

Pos

XXX

exp

.1198
.1198

.1198
.1166

tare

-.0661
-.0661

-.0661
-.0661

PA a5 gt

Tare Con
(Hz)

3.093
3.093
3.093
3.093

Tare Con
(Hz)

3.628
3.628
3.628
3.628

Tare Con
(Hz)

2.798
2.798
2.798
2.798

........
.....
--------
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Time

21
34

38
41
45

Time
(sec)

21
34

38
41
45

Time

(sec)
15
20
25

45

APPENDIX D-II.

OCTAGON SHAFT RAW DATA

13P11 Octagon/.005/8/75.0

Growth Rates (1/s)

Coning Wt Growth Rates (1l/s)

Coning Wt Growth Rates (1/s)

Coning Wt Growth Rates (1/s)

Yaw ¢Y Orbit Spin Coning Wt
(sec) (deg) (degs) (mm) (in) (Hz) (Hz) Pos exp
0.60 65 ,1270 .0050 75.0 3.8 B ,1150
1.20 50 .1067 .0042 75.0 3.584 B .1728
2.50 17 .1219 .0048 75.0 3.584 B .1728
3.65 11 ,1219 .0048 75.0 3.584 B .0758
5.00 00 .1168 .0046 75.0 3.584 B .0758
13P12 Octagon/.005/B/75.0
Yaw ¢Y Orbit Spin
(deg) (degs) (mm) (in) (Hz) (Hz) Pos exp
0.60 38 .0051 .0002 75.0 3.584 B .1150
1.20 63 .0102 .0004 75,0 3.584 B .1728
2,50 58 .0305 .0012 75.0 3.584 B .1728
3.65 60 .035 .0014 75.0 3.584 B .0758
5.00 49 .0127 .0005 75.0 3.584 B .0758
13P2A1 Octagon/.005/B/85.0
Yaw ¢Y Orbit Spin
(deg) (degs) (mm) (in) (Hz) (Hz) Pos exp
.27 =18 1118 .0044 85.0 4.379 B 0504
1.30 24 ,1067 .0042 85.0 4.379 B .2227
3.85 8 .1194 ,0047 85.0 4.379 B .0870
5.20 8 .1143 .0045 85.0 4.379 B .0172
5.20 6 .1143 .,0045 85.0 4.379 B .0172
0.00 4 ,1194 .0047 85.0 4.379 B .0172
14P21 Octagon/.005/M/85.0
Yaw ¢Y Orbit Spin
(deg) (degs) (mm) (in) (Hz) (Hz) Pos exp
.54 27 .1168 .0046 85.0 3.3810 M .157¢
1.40 24  ,1067 .,0042 85,0 3.810 M ,1871
2.75 16 .1194 ,0047 85.0 3.810 M 1712
6.00 13 .1194 ,0047 85,0 3.810 M .0307
7.40 12 .1194 ,0047 85.0 3.310 M .0148
83

tare

-.0096
-.0096
-.0096
-.0096
-.0096

tare

e 0096
-.0096
-.0096
-.0096
-.0096

tare

-.0096
-.0N096
-.0096
-.0096
) 0096
-.0096

tare

.0096
.0096
.0096
.0096
.0096

Tare Con

(Hz)

3.599
3.599
3.599
3.599
3.599

Tare Con

(Hz)

3.599
3.599
3.599
3.599
3.599

Tare Con

(Hz)

4.058
4.058
4.058
4.058
4.058
4.058

Tare Con

(Hz)

3.295
3.295
3.295
3.295
3.295
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:;.- 15P2A Octagon/.005/T/85.0
)
~ Time Yaw 5, Orbit Spin Coning Wt Growth Rates (1/s) Tare Con
- (sec) (deg) (degs) (mm) (in) (Hz) (Hz) Pos exp tare (Hz)
‘l
: 23  0.53 34 ,1194 .0047 85.0 3.268 T .0306 -.0021 3.378
2 30 1.10 37 .1194 ,0047 85.0 3.268 T .0459 -.0021 3.378
38 1.75 35 .1168 .0046 85.0 3,268 T .Q796 -.0021 3.378
46 3.85 26,1067 .0042 85.0 3.268 T .0796 -,0021 3.378
55 7.20 26 .1143 ,0045 85.0 3.268 T .000O -.0021 3,378
:\ 63 9.20 25 ,1270 .0050 85.0 3.268 T .0000 -.0021 3.378
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APPENDIX E-I
REDUCED DATA FOR ROUND SHAFTS
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*
Eﬁ APPENDIX E-I. REDUCED DATA FOR ROUND SHAFTS
iﬁ 4PQ Round/ .005/M/71.5
N Time Yaw Angle Yaw Growth Rate x 103 Fast Prec Freq/Tare Freq
Q (sec) (deg Theory Experiment Theory Experiment
[}
P 23* 0.465 0.162 0.055 1.093 1.089
K 34* 1.300 0.070 0.199 1.013 1.089
42 3.050 0.215 0.189 1.014 1.089
6& 54 5.100 0.227 0.220 1.011 1.089
! 60 5.250 0.208 0.226 1.011 1.089
} 4p2A Round/.005/M/86.0
b
Time Yaw Angle Yaw Growth Rate x 103 Fast Prec Freg/Tare Freq
" (sec) (degq) Theory Experiment Theory Experiment
R
" 10* 0.250 0.723 0.047 1.154 1.063
» 18 1.500 0.201 0.189 1.017 1.053
R 22 2.750 0.268 0.153 1.012 1.053
a 26 3.750 0.205 0.209 1.014 1.053
N 29 4,500 0.032 0.251 1.011 1.054
N 5P1A Round/ .005/B/75.0
‘
Las Time Yaw Angle Yaw Growth Rate x 103 Fast Prec Freq/Tare Freq
- (sec) (deg Theory Experiment Theory Experiment
’i' 11* 0.225 0.006 0.026 1.017 0.998
23 14* 0.365 -0.007 0.042 1.016 0.998
b 22* 0.550 0.075 0.093 1.012 0.998
x 30 2.850 0.248 0.269 1.016 0.998
* 39 4,600 0.159 0.113 1.016 0.998
- 5p2 Round/.005/8/85.0
N
) Time Yaw An?1e Yaw Growth Rate x 103 Fast Prec Freq/Tare Freq
< (sec) (deg Theory Experiment Theory Experiment
13* 1.500 0.321 0.212 1.021 0.993
_ 17* 2.300 0.332 0.147 1.017 0.993
’ 25 4,150 0.159 0.115 1.015 0.993
A 29 4.900 0.190 0.136 1.014 0.993
e 6P1 Round/.005/T/75.0
oo Time Yaw Angle Yaw Growth Rates x 103 Fast Prec Freg/Tare Freq
[ (sec) (deq) Theory Experiment Theory  Experiment
;. 5% 0.260 0.016 0.039 1.006 1.056
! 17+ 1.000 0.000 0.148 1.040 1.056
) 34 1.750 0.184 0.194 1.015 1.056
o 45 4.500 0.200 0.328 1.012 1.056
o
&
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R 6P2 Round/.005/7/85.0

n Time Yaw Angle Yaw Growth Rates x 103 Fast Prec Freq/Tare Freq
i (sec) (deg) Theory Experiment Theory Experiment
3 15+ 0.450 0.018 0.104 1.012 1.022
b} 19* 1.150 0.274 0.160 1.015 1.022
" 27 2.750 0.357 0.220 1.014 1.022
Qa 30 3.500 0.185 0.280 1.014 1.022
8P1A2 Round/.010/8/62.0
K Time Yaw Angle Yaw Growth Rates x 103 Fast Prec Freq/Tare Freq
RY (sec) (deg) Theory Experiment Theory Experiment
)
¢ 10* 2.900 0.255 0.351 1.014 1.046
= 16 4.600 0.268 0.350 1.014 1.046
N 20 5.700 0.409 0.169 1.017 1.046
N 28 6.700 0.437 0.199 1.017 1.046
¥
ol 8P 2A2 Round/.010/8/70.0
- Time Yaw Angle Yaw Growth Rates x 103 Fast Prec Freq/Tare Freq
y (sec) (deg) Theory Experiment Theory  Experiment
s 5 0.150 0.125 0.007 1.001 1.052
< 45 0.950 0.225 0.058 1.013 1.052
5 51 2.400 0.582 0.501 1.012 1.052
- 60 5.700 0.451 0.438 1.019 1.052
&
~ 912 Round/.010/M/62.0
-5
X Time Yaw Angle  Yaw Growth Rates x 103 Fast Prec Freq/Tare Freq
¢ (sec) (deg) Theory Experiment Theory Experiment
5* 2.000 0.236 0.346 1.013 1.047
’ 15* 4,750 0.548 0.488 1.014 1.047
3 21 5.200 0.407 0.454 1.016 1.047
c 28 6.500 0.550 0.567 1.015 1.047
9p22 Round/.010/M/70.0
®,
“ Time Yaw Angle Yaw Growth Rates x 103 Fast Prec Freq/Tare Freq
' (sec) (deg) Theory Experiment Theory Experiment
: 15* 2.150 0.155 0.322 1.002 0.994
o 30* 2.000 0.198 0.299 1.008 0.994
: 44 6.500 0.757 0.464 1.020 0.994
\ 46 6.600 0.480 0.472 1.019 0.994

o 88
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9P 32 Round/.010/M/80.0
Time Yaw An?1e Yaw Growth Rates x 103 Fast Prec Frea/Tare Freq
(sec) (deg Theory Experiment Theory Experiment
10* 0.450 0.096 0.054 1.017 1.282
20 4.500 0.394 0.215 1.020 1.282
25 5.100 0.279 0.244 1.017 1.282
30 6.200 0.311 0.297 1.014 1.282
10P32 Round/.015/M/65.0
Time Yaw Angle Yaw Growth Rates x 103 Fast Prec Freq/Tare Freq
(sec) (deg) Theory Experiment Theory Experiment
18* 0.400 0.263 0.072 1.010 1.023
25* 0.800 0.788 0.144 1.023 1.023
28* 1.250 0.610 0.225 1.020 1.023
32* 1.600 0.295 0.283 1.015 1.023

*Conditions and assumptions of theory not satisfied.
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* APPENDIX E-II
REDUCED DATA FOR OCTAGON SHAFTS
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X APPENDIX E-II. REDUCED DATA FOR OCTAGON SHAFTS

S 13P11 Octagon/.005/8/75.0
._'
) Time Yaw An?Ie Yaw Growth Rates x 103 Fast Prec Freq/Tare Freq
z (sec) (deg Theory Experiment Theory Experiment
o 21* 0.600 1.313 0.058 0.941 0.995
1 34 1.200  0.951 0.170 0.961 0.995
< 38* 2.500 0.408 0.353 0.969 0.995
41* 3.650 0.266 0.242 0.978 0.995

: AR* 5.000 0.000 0.331 0.984 0.995

K

:g 13P12 0Oc tagon/.005/8/75.0

o Time Yaw Angle Yaw Growth Rates x 103 Fast Prec Fregq/Tare Freq
(sec) (deg) Theory Experiment Theory Experiment

.‘

Uy 21* 0.600 0.043 0.058 0.994 0.995

" 34* 1.200 0.125 0.170 0.996 0.995

e 38* 2.500 0.358 0.353 0.994 0.995

0 41* 3.650 0.426 0.242 0.996 0.995

= 45* 5.000 0.133 0.331 0.998 0.995

e

& 13P2A1 Octagon/.005/8/85.0

‘1’!

D Time Yaw Angle Yaw Growth Rates x 103 Fast Prec Freq/Tare Freq

T (sec) (deg) Theory Experiment Theory Experiment
. 15* 0.270 -0.343 0.007 0.776 1.079
bR 23* 1.300 0.436 0.192 0.956 1.079
el 31* 3.850 0.164 0.236 0.982 1.079
s. 47% 5.200 0.120 0.088 0.987 1.079

)

i 14p21 Octagon/.005/M/85.0
Q@ Time Yaw Angle Yaw Growth Rates x 103 Fast Prec Freq/Tare Freq
o (sec) (deg) Theory Experiment Theory Experiment
",
;f 15* 0.540 0.576 0.066 0.880 1.156
- 20* 1.400 0.476 0.201 0.956 1.156

25* 2.750 0.355 0.362 0.974 1.156

o 35*% 6.000 0.290 0.176 0.988 1.156

: 45* 7.400 0.268 0.132 0.990 1.156
. 15p2Al1 Oc tagon/.005/T7/85.0
f Time Yaw An?1e Yaw Growth Rates x 103 Fast Prec Freqg/Tare Freq
N (sec) (deg Theory Experiment Theory Experiment
%)

- 23* 0.530 0.829 0.015 0.867 0.967

e 30* 1.100 0.892 0.045 0.938 0.967

: 3g* 1.750 0.837 0.122 0.960 0.967

4 46* 3.850 0.581 0.267 0.982 0.967

&

$ *Conditions and assumptions of theory not satisfied.
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